The presence of low molar mass surfactants in latex films results in detrimental effects on their water permeability, gloss and adhesion. For applications as coatings, there is a need to develop formulations that do not contain surfactants and that have better water barrier properties. Having previously reported the synthesis of surfactant-free latex particles in water using low amounts (< 2 wt%) of controlled radical polymer chains (Lesage de la Haye et al. Macromolecules 2017, 50, 9315−9328), here we study the water barrier properties of films made from these particles and their application in anti-corrosion coatings. When films cast from aqueous dispersions of acrylate copolymer particles stabilized with poly(sodium 4-styrenesulfonate) (PSSNa) were immersed in water for three days, they sorbed only 4 wt.% water. This uptake is only slightly higher than the value predicted for the pure copolymer, indicating that the negative effects of any particle boundaries and hydrophilic stabilizing molecules are minimal. This sorption of liquid water is five times lower than what is found in films cast from particles stabilized with the same proportion of poly(methacrylic acid) (PMAA), which is more hydrophilic than PSSNa. In water vapor with 90% relative humidity, the PSSNa-based film had an equilibrium sorption of only 4 wt.%. A small increase in the PMAA content has a strong and negative impact on the barrier properties. Nuclear magnetic resonance relaxometry on polymer films after immersion in water shows that water clusters have the smallest size in the films containing PSSNa. Furthermore, these films retain their optical clarity during immersion in liquid water for up to 90 minutes, whereas all other compositions quickly develop opacity ("water whitening") as a result of light scattering from sorbed water. This implies a remarkably complete coalescence and a very small density of defects, which yields properties matching those of some solvent borne films. The latex stabilized with PSSNa is implemented as the binder in a paint formulation for application as an anti-corrosive 3 barrier coating on steel substrates and evaluated in accelerated weathering and corrosion tests. Our results demonstrate the potential of self-stabilized latex particles for the development of different applications, such as waterborne protective coatings and pressure-sensitive adhesives.
Michelle Lee, latex coatings is their tendency to develop opacity (i.e. to whiten) upon exposure to liquid water or vapor. This so-called "water whitening" phenomenon is explained by light scattering from water clusters that have a refractive index that is different from the polymer. 15, 16 Water reservoirs swell upon continuous exposure to water, thus generating holes in a film that can lead to failure. 17 Surfactants are known to be exuded by latex films in which they are not miscible, after which they can be rinsed away and released into the environment, leading to pollution. 18 The poor barrier properties of conventional latex films make them poor candidates for binders in protective and anti-corrosion coatings.
To investigate water uptake in polymers in depth, several complementary techniques need to be used. Differential scanning calorimetry of samples after immersion in water enables the determination of the amount of mobile and freezable water, 19 and also the amount of dissolved and non-freezable water by the shift of the glass transition temperature towards lower values (i.e.
plasticization by water). 20 NMR relaxometry has been used recently to gain further information on the water distribution within the film. Three regions have been identified in films that were immersed in water, attributed to molecularly dissolved water (and mobile polymer), to bound interfacial water, and to mobile water in pockets. Several studies have explored the use of (reactive) macromolecules as particle stabilizers instead of low molar mass surfactants. These approaches result in stabilizers that are strongly anchored to the particle surface. Successful latex syntheses have been reported, but the developed strategies can sometimes require high amounts of hydrophilic species, and the efficiency of stabilizer anchoring can be relatively poor. [21] [22] [23] One very recent and particularly efficient approach takes advantage of the chain-end reactivity of hydrophilic macromolecules obtained by reversibledeactivation radical polymerization (RDRP) for the polymerization of hydrophobic monomers.
This strategy, coined polymerization-induced self-assembly (PISA), notably makes use of reversible addition-fragmentation chain transfer (RAFT), one of the most versatile RDRP processes, to mediate emulsion polymerization by hydrophilic polymer chains (also called macroRAFT), 24, 25 acting as a stabilizer precursor. [26] [27] [28] [29] In contrast to the adsorbed surfactants, these hydrophilic macromolecules are covalently bonded to the particle surface. As depicted in Figure   1b , during film formation stabilizers remain anchored to the particle surface and form a honeycomb structure throughout the film. 30 This structure has likewise been reported in films made from inorganic/polymer nanocomposite particles, in which the cellular walls are composed of a percolating inorganic phase. Such hydrophilic honeycomb structure, as it is percolating from the surface to the bottom of the film, results in a fast initial water uptake. However, it reaches a saturation plateau where the water content in the film remains constant. [31] [32] [33] In films containing surfactants, water uptake does not reach a plateau and water reservoirs continuously swell. 34 Although the use of PISA solves the problem of surfactant mobility and aggregation through self-stabilized particles, the amount of hydrophilic species used in previous work (> 5 wt.%) is still too high to ensure good water barrier properties. Recent studies have been able to reduce this figure to below 3 wt.% while keeping particles stable using poly(acrylic acid) (PAA), 30, 35 poly(methacrylic acid) (PMAA), 36, 23 or poly(sodium 4-styrenesulfonate) (PSSNa). 36 However, not enough work has yet been devoted to investigating the water barrier properties of films made from macroRAFT-stabilized latexes. Gonzalez et al. reported an increase in the water uptake of latex films stabilized with macroRAFT chains with an increasing length. 35 Velasquez et al. synthesized a PSSNa-stabilized latex that did not water whiten after immersion in water for 2 h at 95 °C. 36 With the specific effects of macroRAFT chemical composition and concentration on the water barrier properties of latex films being unreported, there is a critical need to evaluate this new type of material to pave the way for applications.
Here, we have synthesized latex particles stabilized by two macroRAFT agents with different chemical compositions, based on either PMAA or PSSNa. We present a thorough study of the water sorption properties of their films in comparison to films of the same monomer composition obtained from surfactant-free latexes stabilized by surface charges coming from monomer units.
Our research advances the understanding of the influence of the macroRAFT hydrophilicity and its concentration on the water sorption with the aim of obtaining a formulation with a greater barrier resistance. Thereafter, we use the insight from our fundamental study to inform the development of an application of the material: a pigmented barrier coating on steel to prevent corrosion.
EXPERIMENTAL
Materials. n-Butyl acrylate (BA, Acros Organics, 99%), methyl methacrylate (MMA, Acros
Organics, 99%), methacrylic acid (MAA, Acros Organics, 99.5%), sodium 4-styrenesulfonate (SSNa, Aldrich, > 99.5%) and ammonium persulfate (APS, Acros Organics, 98%) were used as received. Water was deionized before use (Purelab Classic UV, ElgaLab Water).
Procedure for the emulsion copolymerizations of BA and MMA mediated by hydrophilic PMAA or PSSNa macroRAFT agent (PMAA-1, PMAA-1.5 and PSSNa-1).
The macroRAFT agent (either PMAA or PSSNa) was synthesized as described in the literature. 36, 37 The aqueous macroRAFT agent solution was used in the following without further purification.
The emulsion polymerizations mediated by hydrophilic PMAA or PSSNa macroRAFT agent followed the same procedure. They were performed at 70 °C in a 250 mL or a 500 mL reactor equipped with a condenser and an anchor-blade stirrer. In a typical experiment (PSSNa-1, Table   1 ), APS (81.3 mg, 3.56 × 10 −4 mol) was added to a solution of previously synthesized PSSNa macroRAFT agent (12.4 wt% aqueous solution, 1.0 wt% of PSSNa based on monomer, bom).
Water content was adjusted so that the solids content of the final latex τ was ~40 wt% (with τ = (m0 (BA) + m0 (MMA)) / m0 (latex)). Procedure for the conventional emulsion copolymerizations of BA and MMA in the presence of methacrylic acid (MAA-1 and MAA-1.5).
The syntheses of MAA-1 and MAA-1.5 followed the same procedure. They were performed at 70 °C in a 250 mL reactor equipped with a condenser and an anchor-blade stirrer. was determined by gravimetry. The exact same procedure was followed for MAA-1.5 using 513.5 mg of MAA (5.93 × 10 −3 mol). After 5 h, a final conversion of 100% was also obtained. 
Characterization
Information on the techniques used to characterize the latexes and their film properties is provided in the Supporting Information.
Differential scanning calorimetry (DSC).
For water sorption experiments, a DSC Q1000 from TA instruments under nitrogen flow (50 mL min -1 ) was used. Samples were prepared by spread-casting a film, approximately 500 µm thick, and then drying and film-forming under ambient conditions for 3 days. Then, free-standing films were immersed in deionized water for three days. Finally, they were gently wiped dry with tissue paper and placed in DSC pans. Samples weighed 8-10 mg.
A cooling ramp from 25 °C to -80 °C at 10 °C min -1 was followed by heating to 90 °C at 10 °C min -1 .
Simultaneous DSC/TGA (SDT). The mass loss and heat flow as a function of temperature for water-soaked film samples were recorded simultaneously using a SDT Q600 from TA Instruments.
Samples were heated in air up to 150 °C at 5°C min -1 . Venkataraman et al. 38 The area under the curves was taken as the total intensity, which was normalized by the original sample mass.
After being immersed in deionized water for 24, 48, 72 and 96 h, the samples were placed in 10 mm NMR tubes sealed with paraffin films to maintain a stable humidity environment. The measurements were performed at a temperature of approximately 30 °C.
UV-visible spectroscopy.
A Camspec M350 Double beam spectrophotometer was used to acquire spectra in a wavelength range from 195 to 1100 nm. For the water whitening experiments, glass cover slips (22 mm × 22 mm) were cut into 9 mm × 22 mm pieces with a diamond tip pen to enable them to fit into cuvettes. Then, 100 μL of latex was cast on the slides. The films were allowed to dry for 24 h under ambient conditions. Then, they were introduced in a cuvette filled with deionized water and optical transmission spectra were measured successively over time.
Water Vapor Sorption. Sorption isotherms were acquired using a benchtop dynamic vapor sorption analyzer (IGAsorp, Hiden Isochema, Warrington, UK). The mass of the sample was measured as a function of time by an ultrasensitive microbalance (0.1 µg resolution) while the relative humidity was also recorded. Humidity was controlled by using a laminar flow with wet−dry vapor mixing at a constant mass flow rate (500 mL min -1 ) with feedback control. In an adsorption experiment, the sample was initially held at a RH of 0% at a temperature of 25 °C until the mass was stable over time, indicating equilibrium. This mass was used as a reference mass for the mass uptake calculations. The RH was increased to 90% in steps of 10%. At each RH, the mass was recorded as a function of time until it reached equilibrium, which was designated to be when the mass increase fell below 0.01% over an interval of 1 min. The water activity, αw, is defined as RH/100.
Samples for moisture sorption experiments were prepared by casting the polymer dispersions and solutions onto a poly(tetrafluoroethylene) block with an average wet thickness of 300 μm. The coatings were then dried at room temperature for a week and then peeled off the substrate. The sample size was 1 × 1 cm. Specimens were stored in an airtight desiccator with silica gel away from direct sunlight. Before the sample was placed on the hanging pan of the humidity chamber, its thickness was measured using a digital caliper.
RESULTS AND DISCUSSION
For the purpose of this study, three different surfactant-free latexes have been synthesized to form polymer films free of low molar mass hydrophilic species, and thereafter to evaluate the potential positive impact of using hydrophilic macroRAFT copolymers. The first series of latexes was obtained from macroRAFT-mediated emulsion polymerization using strategies previously reported in the literature, 36, 23 leading to PMAA-or PSSNa-stabilized latex particles (PMAA-1, PMAA-1.5, and PSSNa-1). The first part of the sample name refers to the hydrophilic stabilizing macroRAFT block, and the numerical suffix denotes the concentration (wt.%). For comparison purposes, a second series of latexes was synthesized in the absence of molecular surfactants, but using the same amount of MAA monomer units as present in the macroRAFT latex, and introducing it as a comonomer during the polymerization (MAA-1 and MAA-1.5) instead of the pre-formed hydrophilic block used in the first series. Here, the name indicates the monomer that was used in the synthesis, and the numerical suffix denotes the concentration (wt.%). In this second series, the stabilization is only ensured by the negative charges on the sulfate groups coming from the initiator and the deprotonated methacrylic acid units (polymerization performed at pH 7)
available at the surface of the resulting particles. Hence, the MAA-1 and MAA-1.5 latexes are less stable; they are suitable for scientific study but not for applications. The characteristics of all these latexes are displayed in Table 1 .
Structural characterization of latex films. After casting and drying, films from each latex were crack-free and transparent. AFM was used to investigate the particle arrangement within the films and to assess the extent of particle coalescence (Figure 3 ). The latexes synthesized using macroRAFT agents present a much smaller particle size (Figure 3a The particles in the PMAA-1 and PSSNa-1 latex films (Figures 3a and e) are randomly packed at the film surface. Judging from this surface structure, the particle packing density is lower than in the films of the hexagonally close-packed MAA particles. Judging from a visual inspection of the images only, it can be concluded that the PMAA-1.5 film (Figure 3b ) presents more complete coalescence than the other four latex films. Particle identity is barely apparent in the image. However, clear particle identity is retained at the surface of the other four films shown in Figure 3 . The apparently better coalescence observed in the PMAA-1.5 film can be explained by hydroplasticization of the hydrophilic PMAA chains 39 at the particle surfaces, which are present at a higher concentration than in the PMAA-1 film. In the MAA films, the AA groups are distributed throughout the particle. As particle deformation proceeds during film formation, the average roughness (Ra) value of the films will decrease as the surface flattens. 40 The value of Ra, (obtained via AFM analysis) when normalized by the particle size, Dz, provides a gauge of the particle deformation. This simple analysis (values provided in the Figure 3 caption) shows that the particle deformation of PMAA-1.5, MAA-1, and MAA-1.5 is similar, and the extent deformation is the least in PMAA-1 and PSSNa-1 particles. However, if the main path for water transport in the films is via channels along the particle boundaries and in the Plateau borders at the channel junctions (Figure 3f ), then it is relevant to consider their relative sizes in the films.
In relation to barrier properties, for a given volume fraction of space filled, larger particles will have larger channels and radii of Plateau border, rPB. A quantitative analysis is presented in the Supporting Information. The analysis indicates that the PMAA-1.5 film has the lowest value of rPB. However, this geometric consideration neglects the effect of the hydrophilicity of the copolymers and the associated water solubility, as will be considered later.
As expected when there is particle deformation, the center-to-center distances of the particles in the AFM images are lower than the DLS particle sizes. However, MAA-1 requires some additional comment. Its center-to-center distance in the AFM analysis (628 ± 10 nm) is significantly smaller than the Dz obtained from DLS (Table 1 ). This discrepancy can be explained by taking into account that the large particle size of MAA-1 is near the DLS detection limit.
Therefore, the number-average value of particle size, Dn, obtained by cryoTEM image analysis (742 nm) was used for the calculations in this particular case. Liquid water uptake. Films were soaked in deionized water for three days to determine their water barrier properties, which in turn, were expected to be related to the film microstructure. Cooling and heating runs were performed on a DSC instrument to obtain information on the amount and type of water sorbed by the coatings. As shown in Figure 4a , during the cooling run, two different freezing peaks are detected. Each of these two peaks is associated with different water environments. The first and sharper peak lies in the range between -10 °C and -30 °C; it is attributed to mobile water located in water pockets. The second peak, found between -40 °C and -50 °C, is associated with more confined water, probably at particle boundaries. 15 The freezing enthalpies of both types of water, related to the area under the peaks, are presented in Table 2 . The subsequent heating run allowed the detection of the ice melting process (Figure 4b ). The amount of freezable water within the coating can be calculated by dividing the area under the ice melting peak by the melting enthalpy of ice, taken to be 333.5 J g -1 41 ( Table 2 ). The latexes containing 1 wt% macroRAFT sorb the least amount of water among the five materials, and in particular the latex synthesized using PSSNa shows a freezable water uptake of only 2 wt%. In contrast, with the highest amount of PMAA stabilizer, PMAA-1.5 shows a much greater amount of total water uptake (34 wt.%). This higher level of water uptake suggests that either more or larger pockets of water developed during water immersion, as a result of only a slightly greater amount of hydrophilic component. It is important to note that the DSC analysis only allows the detection of freezable water.
There is a non-freezable fraction, related to chemically sorbed water, that can only be detected by shifts in Tg indicating plasticization. 20 Our polymers present a very broad Tg with a midpoint close to 0 °C and thus is hidden by the ice melting peak, making it impossible to measure such water using this technique. In order to have a measurement of the total amount of water sorbed by the coatings, a thermogravimetric analysis of the soaked films was carried out ( Figure S1 ). As expected, the total water uptake after 72 h measured by this technique is similar or larger than that measured by DSC, as it also measures the non-freezable water present in the material (Table 2) .
Again, the latexes with 1 wt% macroRAFT show the lowest water uptake, with the PSSNa-1 latex film taking up only 4 wt% water.
To put these results into context, comparison can be made to results in the literature from water immersion studies on similar materials. Gonzalez et al. 35 synthesized a surfactant-free latex with a similar copolymer compositions of MAA/BA (50/50 wt.%) to that used here but with a poly(acrylic acid)-based diblock copolymer stabilizer. Their films sorbed approximately 40 wt.% after immersion for three days in water. In other work, a conventional latex made from a copolymer of styrene and acrylate was found to sorb approximately 10 wt.% water after only 24 h of immersion. 17 For the present experiments, the theoretical water uptake for the pure and homogeneous copolymer can be obtained from the saturated water contents for the homopolymers, which are 2.81 wt.% for BA and 3.6 wt.% for MMA. 39 Therefore, for a 60/40 BA/MMA copolymer, the saturated water uptake is calculated to be 3.1 wt.%. Thus, a value of 4 wt.% water uptake for the PSSNa-1 films is remarkable, considering that in our films some residual particle boundaries and hydrophilic species (MAA and PSSNa) are present. NMR relaxometry was carried out to investigate further the degree of confinement of water within the soaked samples. The distribution of the T2 relaxation times of 1 H in water is related to the distributions of molecular mobility and hence to the confinement of water to varying extents.
Typically for latex films after immersion in water, there are multimodal distributions of T2 times with several peak values. The average T2 value of each peak is a measure of the molecular mobility of the 1 H-containing molecules, which is inversely related to the extent of the confinement.
17 Figure 5a shows the T2 distributions for the dry latex films. There is an asymmetric peak with its highest intensity around 0.1 ms. This peak is attributed to the 1 H in the mobile groups of the copolymer (most likely the hydrophilic units) and any water dissolved in this polymer phase. The less intense shoulders seen between 0.1 and 1 ms might correspond to residual water associated with the hydrophilic MAA or SSNa units. After the films are immersed in water for 72 h, a new peak is observed in the T2 region around 100 ms, as shown in Figure 5b . A higher T2 indicates a lower degree of confinement when compared with the peaks observed in the dry films. It is attributed to water bound or confined at the interfaces between particles. A magnification of this peak for the different latex films is presented in Figure 5c . The area under the peak is proportional to the amount of mobile 1 H in the sample and thus to the amount of sorbed water. The smallest area corresponds to the PSSNa film (PSSNa-1), which means that it has the lowest amount of confined water. As PSSNa-1 shows the shortest T2 value, the water sorbed by this sample is found within the most confined environment. That is, the water is confined with the smallest clusters in comparison to the other samples. Water whitening in liquid water. It has been shown elsewhere that the loss of optical transmission of latex films when soaked in water is related to both the total amount of water that is sorbed and the size of water "pockets" that scatter light. 16 Thus, an analysis of optical transmission provides indirect information on film structure that complements other measurements. From a practical standpoint, the loss of optical transparency when soaked in water, which is called "water whitening" in the coatings literature, must be avoided for applications in clear coatings.
The optical transmission as a function of variable wavelength, λ, of incident light is presented in 16, 17 Notably, the PSSNa-1 film remains transparent throughout the experiment for times up to 90 min. It has recently been reported 13 that even solvent-borne polymer films whiten upon water immersion because of small defects (such as voids) due to incomplete coalescence. In waterborne films, these defects are percolating and allow the water to penetrate more rapidly into the coating, resulting in a faster whitening. 13 The fact that PSSNa-1 films remain transparent in our experiments implies a remarkable coalescence and a very small amount of defects, which matches that of some solvent-borne films. This is a remarkable result that is consistent with the conclusion drawn from NMR experiments that water clusters in this material are the smallest and most confined. The robustness of the optical clarity of the film during water immersion is of practical relevance for applications in protective clear coatings. and (e) PSSNa-1.
Water vapor sorption.
To gain further insights into the distribution of hydrophilic species within the films, dynamic vapor sorption experiments were carried out. Whereas liquid water uptake can continue increasing over time as water pockets grow in size, water vapor sorption measurements are made when the sample reaches thermodynamic equilibrium with the surroundings. In these experiments, the sample is placed in a chamber with controlled temperature where the water activity (RH/100), αw, is increased in steps of 0.1 and the mass is recorded as a function of time (as shown in Figure 7a ). The equilibrium sorbed amount is obtained as a function of water activity to provide a sorption isotherm. The isotherms for the different materials have been plotted in Figure   7b -c. Remarkably, the films made of latex particles synthesized in the presence of macroRAFT agents sorb much less water than those synthesized by surfactant-free emulsion polymerization.
The amount of macroRAFT agent or MAA influences the final equilibrium sorption, with the 1 wt% PMAA or MAA films showing lower sorption than those materials with 1.5 wt%. Also, the PSSNa-1 film sorbs less than 4 wt.% at 90% relative humidity, and which is slightly less than the PMAA-1 film (Figure 7c ). The equilibrium vapor sorption of PSSNa-1 films is only slightly greater than the theoretical 3.2 wt.% equilibrium sorption of the P(MMA-co-BA) copolymer, which shows that the PMAA chains and any residual particle interfaces have only a small effect.
Three different sorption models were used to fit the data in Figure 7b -c: the BrunauerEmmett-Teller (BET) model, 42 the ENSIC model, 43 and the Guggenheim-Anderson-De Boer (GAB) model. 44 The GAB model can be formulated as:
where mm is the monolayer moisture content (in units of g H2O/100 g), K is the ratio of the heat of absorption to the heat of liquefaction, and CGAB is a material constant. A comparison of the models determined that the GAB model provided the best fitting based on a χ 2 correlation parameter.
Graphs comparing the three models can be found in Figure S3 , and the GAB fittings of the experimental data are shown in Figure 7b and c. The best-fit parameters are listed in Table 3 .
Comparing values of mm is helpful to discuss the sorptive capacity of the different materials.
Films of the control latexes (MAA-1 and MAA-1.5) show higher values of mm (0.48 and 0.56 g/100 g, respectively) when compared with PMAA-1 and PSSNa-1 (0.42 and 0.31 g/100 g, respectively), with the latter being the lowest. This finding is the opposite of what would be expected from particle size effects, as a larger particle size should result in a lower internal surface area and hence a decreased mass of the water monolayer. According to models of latex film formation, the rate of particle deformation driven by the reduction of surface energy varies inversely with particle size. 45 According to the analysis in the Supporting Information, the larger MAA-1 and MAA-1.5 films have larger channel volumes than in the PMAA-1 and PSSNa-1 films, which provides greater accessibility to the hydrophilic particle surfaces.
It is notable that the value of mm for PMAA-1.5 is the highest (0.62 g/100 g) of all five materials.
PMAA-1.5 also shows the highest liquid water uptake (see Table 2 ), indicating that even a small increase of only 0.5 wt% in the amount of macroRAFT agent is enough to affect the water barrier the GAB model using the parameters listed in Table 3 . The vapor sorption data also provide information on the kinetics of water transport through the materials. Each of the steps in the water uptake curve shown in Figure 7a can be fitted using where Mt is the mass of the sorbed water in the polymer at a time t, and which is normalized by the total mass of sorbed water in the equilibrium state, M∞. l is the film thickness of the dry film.
The model was found to be in good agreement with the experimental data at water activities in the studied range. As a result, it was possible to estimate the diffusion coefficient of water in the various latex films in a range of water activity from 0 to 0.9, as shown in Figure 8a . In general, our calculated values (on the order of 10 -7 cm 2 s -1 ) are higher than those reported for acrylic latex films containing surfactants, whose diffusion coefficients were reported to be on the order of 10 -8 cm 2 s -1 . 46, 48 The results indicate a weaker interaction of the films with the water and thus a higher diffusion coefficient. In line with the behavior observed when analyzing the sorption isotherms, the diffusion coefficient also presents a strong dependence on the amount of macroRAFT agent or MAA used, with the 1 wt% materials having a lower diffusion coefficient than those with 1.5 wt%.
At high water activity, all diffusion coefficients converge to the same value due to water clustering.
Notably, the PSSNa-based film presents a very weak interaction with water, delaying the formation of clusters of water as it is sorbed by the material. 
where M0 is the initial mass at RH = 0. Figure 8b shows P for water vapor in the films over a range of water activity αw from 0 to 0.9. At high water activities, the films formed from the macroRAFTderived latexes present lower permeabilities when compared with the surfactant-free emulsion polymer films. A lower amount of macroRAFT (1 wt%) results in a lower permeability value at high water activities. The permeability of the macroRAFT-derived films either reaches a plateau (PMAA-1.5) or decreases after reaching a certain water activity (PMAA-1 and PSSNa-1), whereas in films obtained from the MAA latexes it keeps increasing. This trend might be related to the more robust honeycomb structure present in macroRAFT-derived films that prevents water clusters from swelling indefinitely.
According to the experiments and analyses presented here, the film cast from PSSNa-1 (containing 1 wt% of PSSNa) presents the best water barrier properties. It shows the lowest liquid water sorption (only 2 wt%, see Table 2 ), lowest vapor sorption at 90% RH (Table 3) , and the slowest rate of water whitening (Figure 6 ), which makes it the most attractive material from a coating application point of view. It also shows the highest water diffusion coefficient at low water activity (Figure 8 ), which we interpret as a proof of a lower hydrophilicity when compared with other latexes containing a PMAA-based macroRAFT or MMA comonomer. The fact that we showed this material has the most confined sorbed water using NMR ( Figure 5 ) explains why it does not show any evidence for free water in the DSC analysis (Figure 4 ) unlike the other macroRAFT and MAA-stabilized latexes.
The water vapor sorption experiments indicate that the polar groups are more accessible in standard emulsion latexes than in RAFT latexes. There could be several reasons for that, such as better coalescence and smaller particle size. As for differences between the two macroRAFT agents, the aromatic ring in PSSNa can provide hydrophobicity to part of the molecule, while PMAA can create strong H bonding with water. The reported molar water content of a carbonyl group at αw = 0.9 is 1.0, whereas for a phenyl group it is 0.004. 49 The molecular weight of SSNa (206.19 g mol -1 ) when compared to that of MAA (86.09 g mol -1 ) means that the amount of hydrophilic groups present is smaller for a certain molecular weight. Moreover, the molecular weight for the PSSNa chains is smaller than for PMAA (see Table 1 ), 1210 g mol -1 , which would correspond to ca. 6 SSNa units, whereas for PMAA (2290 g mol -1 ) it would be ca. 27 MAA units.
The high initial diffusion coefficients for PSSNa-1 support this idea, as it indicates a weak interaction of the water with the film.
Application as a barrier coating on steel. Our study of the water sorption of the films obtained from the surfactant-free latexes aided the selection of the best material to use in a final application.
Having the most desirable barrier properties, the PSSNa-1 latex was used as the binder in a paint formulation for applications as an anti-corrosive barrier coating on steel substrates.
Several other industry-standard components were added to the formulation: a surface tension modifier to aid wetting, a flash corrosion inhibitor, a UV stabilizer, a defoamer, and butyl diglycol as a cosolvent to aid coalescence. To create a white coating, a mill base was prepared using titanium dioxide particles as the pigment, calcium carbonate as the filler, talc as an extender along with a phosphate corrosion inhibitor and a dispersant for the pigment. The defoamer and the surface tension modifier contain surfactant and therefore contribute hydrophilicity to the final coating. Nevertheless, they are essential components in the formulation of the paint. It is estimated from the formulation that the volatile organic compound (VOC) content is 17 g L -1 , which is considered to be a very low value for a high performance barrier coating.
Coatings with a thickness of at least 75 µm were deposited onto steel plates via spraying.
The coatings showed good adhesion to the steel with no sign of sag, peeling or delamination. The pencil hardness was measured to be 5H, which is suitable for applications as a barrier coating. The water contact angle on the coating was initially measured to be 71°, which is the same as reported in the literature for a poly(MMA-co-BA) copolymer, 50 and slightly higher than 68°, which has been reported for poly(methyl methacrylate). 51 This result indicates that the formulation of the latex did not introduce hydrophilicity to the surface.
The coatings were exposed to an accelerated weathering test to simulate outdoor exposure (following the ISO 11507:2007 standard). Alternating cycles of ultraviolet (UV) radiation and moisture at elevated temperatures were used in a commercial apparatus (QUV, Q-Lab Europe, Bolton, UK). Figure S4 shows photos of a sample during and at the end of an accelerated weathering test. A few corrosion spots formed early during the weathering test, but the coating remained intact for the remainder of the test. As a result of weathering, the gloss measurements (using a glossmeter from Sheen Instruments, UK) of the coating decreased only marginally from an initial value of 12 gloss units to a final value of 11 gloss units after 750 h of accelerated weathering, which indicates only a minor effect of weathering. Finally, the anticorrosion properties of the formulated paint were evaluated via a neutral salt spray (NSS) test and electrochemical impedance spectroscopy (EIS). A coated steel substrate was exposed to a saline fog mist (as per the ASTM B117 standard) for 96 hours. The scribed coating was adhered well with no delamination but corrosion had spread from the scribe sections, due to the absence of a surface treatment (e.g. phosphate). The EIS data clearly identified that consistent barrier performance was maintained following immersion in a dilute (0.5%) saline solution. The low frequency region data indicated that the corrosion processes were beginning to develop but this may be addressed in future with corrosion inhibitors. We further anticipate that optimising the formulation by reducing the amount of hydrophilic additives will improve the anti-corrosion properties further. This work demonstrates that the latex synthesized with polymer stabilizers is compatible with formulation into a paint. A barrier coating on steel with promising performance was obtained.
CONCLUSIONS
Self-stabilized polymer particles in water have been synthesized making use of the polymerizationinduced self-assembly concepts, using low concentrations (< 2 wt%) of PMAA or PSSNa-based macroRAFT agents. The barrier resistance to both liquid water and vapor was evaluated. Films cast from these particles were soaked in deionized water for three days, and DSC analysis was used to determine the amount of water in different states of confinement. Also, dynamic vapor sorption experiments were performed and isotherms were fit using the GAB model. Films cast from the PSSNa-1 dispersion have a lower water vapor sorption (only ca. 4 wt.% at 90% RH) and lower total liquid water uptake (only 4 wt.% after three days of immersion) than found for surfactant-free latex films containing the same amount of PMAA as the stabilizer. This uptake is only slightly higher than the value predicted for the pure copolymer film, indicating that the influences of particle boundaries and hydrophilic species are minimal. The use of a lower amount of PMAA-based macroRAFT agent has a strong and positive impact on the barrier properties.
NMR relaxometry of water-soaked films allowed us to determine that the water clusters have the smallest size in the PSSNa-1 films. The optical transmission of films immersed in water over time was measured as a means of evaluating the formation of water pockets that scatter light. The water whitening of the PSSNa-1 film is remarkably slowed down when compared to the other materials.
The fact that PSSNa-1 films remain transparent in our experiments implies good coalescence and a very small amount of defects, which matches that of some solvent-cast films.
We associate this enhancement in properties with the presence of a hydrophobic aromatic ring and a reduced concentration of hydrophilic groups.
The latex stabilized with PSSNa was successfully used as the binder in a paint formulation for application as an anti-corrosive barrier coating on steel substrates. Painted panels performed well in accelerated weathering tests and moderately in neutral salt spray and electrochemical tests that evaluated the anti-corrosion properties, which points to the need for further optimisation of the formulation. Ongoing work 23 is evaluating the anti-corrosion properties of crosslinking, surfactant-free binder particles using impedance spectroscopy and salt spray testing. The results presented here provide evidence for the potential of self-stabilized latex particles for the development of a range of other applications, including pressure-sensitive adhesives, 52 for which water whitening is particularly detrimental when used in clear labels.
SUPPORTING INFORMATION
Description of polymer characterization methods: Nuclear magnetic resonance (NMR), size exclusion chromatography (SEC-THF), matrix assisted laser desorption ionization-time of flight mass spectrometry (MALDI-ToF MS), dynamic light scattering (DLS), pH measurements, differential scanning calorimetry (DSC). TGA and DSC thermograms for various latex films after soaking. Analysis of atomic force microscopy images: Description of procedure and geometric parameters. Fittings of water sorption isotherms using GAB, BET and ENSIC models.
Photographs of formulated paints before and after accelerated weathering tests. 
